In this study, a series of reduction experiments were conducted using a representative uranyl peroxide nanocluster, U60 (K 16 Li 44 [UO 2 (O 2 )OH] 60 ) and a bacterial species, Shewanella oneidensis MR-1, that is capable of enzymatic U(VI) reduction. U60 was reduced by S. oneidensis in the absence of O 2 , but the reduction kinetics for U60 were significantly slower than was observed in this study for aqueous uranyl acetate, and were faster than was reported in previous studies for solid phase U(VI). Our results indicate that U60 aggregates bigger than 0.2 μm formed immediately upon mixing with the bacterial growth medium, and that these aggregates were gradually broken down during the process of reduction. Neither reduction nor dissolution of U60 was observed during 72 h of control experiments open to the atmosphere, indicating that the breakdown and dissolution of U60 aggregates is caused by the reduction of U60, and that S. oneidensis is capable of direct reduction of the U(VI) within the U60 nanoclusters, likely due to the adsorption of U60 aggregates onto bacterial cells. This study is first to show the reduction capacity of bacteria for uranyl peroxide nanoclusters, and the results yield a better understanding of the long term fate of uranium in environmental systems in which uranyl peroxide nanoclusters are present.
Introduction
The anthropogenic use of uranium (U), such as in mining of U ore and production of nuclear weapons and fuel, has resulted in numerous sites of U contamination of groundwater and sediments [1, 2] . Microbial reduction of soluble U(VI) to insoluble U(IV) under anoxic conditions can affect the mobility of U in the environment [3] [4] [5] , and a bacterially-mediated reductive precipitation approach has been viewed as a promising strategy for the remediation of U-contaminated sites [6] [7] [8] . In order to predict the long-term fate of U in these contaminated systems, and to develop a practical approach for accelerating U immobilization, the controls and mechanisms of microbial reduction of the important forms of U(VI) that may be present in these systems must be determined.
Bacterial reduction of various aqueous U(VI) species has been studied extensively in both laboratory and fieldscale experiments [4, [9] [10] [11] [12] [13] [14] [15] , and a large number of bacterial species are now known to have the ability to reduce U(VI) [16] . Most of previous studies focused on the reduction of aqueous monomeric U(VI) species [4, 9, 13] . In general, these studies demonstrate that reduction can be rapid [4, 9] , and is largely controlled by the extent of adsorption of bioavailable U(VI) complexes onto bacterial cell envelopes [13, 17] , unless electron shuttles are present [18] . A range of factors, such as solution pH, the presence of aqueous ligands and the specific electron donor used, can strongly affect the reduction kinetics of dissolved U(VI) by bacteria. For example, the presence of Ca 2+ can significantly inhibit U(VI) reduction by bacteria [13, 19] , likely due to the formation of Ca 2+ -U(VI)-carbonate complexes that lower the redox potential of the U(VI)/U(IV) couple [19] . On the other hand, increasing aqueous EDTA concentrations enhance U(VI) reduction by S. oneidensis possibly due to U(IV)-EDTA complexation which removes U from the cell surface and keeps binding and reduction sites free on the cell [13] . Only a few studies have examined the reduction of U(VI) in a solid phase [11, 14, 15, 20] . These studies document much slower reduction kinetics compared to reduction of aqueous monomeric U(VI), likely due to the difficulty of transporting electrons from bacterial cells to the solid phase U(VI), and solid phase U(VI) associated with sediments can be inaccessible to microbial reduction [11] . In other cases, bacteria may promote dissolution of the U(VI) solid phase before the U(VI) can be reduced [14, 15] .
Although enzymatic reduction of aqueous and solid phase U(VI) has been studied, the ability of bacteria to reduce U(VI) present in nanoclusters in solution is unknown. A wide range of uranyl peroxide nanoclusters have been described over the past 10 years [21, 22] . In general, most uranyl peroxide nanocluster crystals are synthesized by combining uranyl acetate, hydrogen peroxide and other reagents in ultrapure water under slightly to highly basic pH conditions [21] . After placing nanocluster crystals in an unsaturated solution, complete dissolution of the crystals occurs rapidly, liberating isolated nanoclusters that typically have outer diameters of 2-3 nm [21] . Uranyl peroxide nanoclusters can persist in ultrapure water for extended periods. For example, Flynn et al. [23] demonstrate that 97.4 % of U is still present in nanoclusters after dissolving U60 nanocluster crystals in ultrapure water for 15 days, and there is qualitative evidence that isolated U60 nanoclusters remain intact in solution for at least several months [24] . While the presence of uranyl peroxide nanoclusters has not yet been documented in natural systems, there is a high potential for them to form at some U-contaminated sites, such as at Fukushima, Japan and Hanford, USA, where all the requirements for nanocluster formation have been met, including the presence of peroxide and high concentrations of dissolved U(VI) in basic solutions [25] . For example, the Fukushima accident led to seawater with a pH of ~8 interacting with exposed solid phase UO 2 , likely producing significant concentrations of dissolved U(VI) as well as peroxide by radiolysis of seawater [24] , and likely resulting in the formation of uranyl peroxide nanoclusters [25] . The structures of approximately 40 nanocluster types have been described, but their behavior in natural systems, for example their bioavailability for microbial reduction, remains largely unexplored. As a hybrid type of U species between solid phase and aqueous monomeric U species, uranyl peroxide nanoclusters are smaller than even colloidal-sized solid phase U species, but their structures are much more complex than any dissolved monomeric U species. They exhibit some properties similar to solid phases, but in other ways are similar to large aqueous complexes [23] . If uranyl peroxide nanoclusters are present in U-contaminated sites, their behavior in the environment will be unpredictable based on our current knowledge.
The primary objective of this study is to test whether uranyl peroxide nanoclusters can be reduced by bacteria that are capable of U(VI) reduction, and to examine the mechanisms responsible for the microbial reduction of these nanoclusters if reduction does occur. Toward this end, we conducted a series of U(VI) reduction experiments using Shewanella oneidensis MR-1 and a representative uranyl peroxide nanocluster, U60 (K 16 Li 44 [UO 2 (O 2 )OH] 60 ) [26] . U60 was chosen because it is persistent in circumneutral ultrapure water for at least 294 days [24] , and its solubility behavior in water has been studied previously [23] . Shewanella oneidensis MR-1 is an extensively-studied Fe(III) reducing strain of bacteria that can reduce a variety of U(VI) species including both monomeric U(VI) species and solid phase crystalline U(VI) [13, 15] . Our results indicate that some of the U(VI) present in U60 can be reduced enzymatically, and we conduct and report on a range of complementary experiments that constrain the aggregation state and stability of the U60 during the reduction process.
Materials and methods

Synthesis of U60 nanoclusters
The synthesis of U60 nanoclusters followed a modified procedure of Sigmon et al. [26] . Briefly, 1 mL of 0.5 M uranyl nitrate hexahydrate, 1 mL of 30 % hydrogen peroxide, and 0.1 mL of 0.4 M potassium chloride were added to a 20 mL scintillation vial. The solution pH was adjusted to approximately 9 by adding 0.4 mL of 4 M lithium hydroxide. After 7 days of reaction at room temperature, large, yellow, cubic crystals precipitated from solution and were harvested by vacuum filtration using a Whatman cellulose filter (11 μm pore) and were then rinsed with 18 MΩ ultrapure water. The washed crystals were then dissolved in ultrapure water to form a parent suspension of U60 nanoclusters, as confirmed by electrospray ionization mass spectrometry (ESI-MS) [27] .
Bacterial cell preparation
The procedures for growth and washing of Shewanella oneidensis MR-1 (ATCC#: 700550) cells were similar to those described previously [13] . Initially, a stock of S. oneidensis at −80 °C was transferred to trypticase soy agar (TSA) plates and was cultured at 32 °C for 24 h. A single colony of S. oneidensis was then transferred from TSA plates to 3 mL of trypticase soy broth with 0.5 % yeast extract (TSB) and was cultured aerobically at 32 °C for 24 h. The harvested bacterial suspensions were transferred to 1 L of TSB medium and allowed to grow aerobically at 32 °C for another 24 h until early stationary phase was reached, at which point the cells were harvested by centrifugation at 10,970 g for 5 min. The collected biomass pellet was then rinsed twice with ~15 mL of sterile anoxic 0.1 M NaCl solution that was stored in a sealed serum bottle, with each rinse followed by centrifugation at 8100 g for 5 min. Finally, the biomass pellet was transferred into a sterile centrifuge tube with cap and was mixed with ~15 mL of sterile anoxic 0.1 M NaCl solution to make a parent bacterial suspension, the cell density of which was determined by optical density measurement using UV-vis spectrophotometry at 600 nm (OD 600 ). After the UV-vis measurement, the parent bacterial suspension was sealed and was immediately transferred into an anaerobic glovebox for the reduction experiments. The washing of S. oneidensis cells was conducted in the air, but sterile anoxic 0.1 M NaCl solution was used as the washing solution in order to minimize the oxygen that was introduced to the parent bacterial suspensions during the washing. Each reduction experiment was conducted with a freshly prepared parent bacterial suspension.
U60 aggregation measurements
The bacterial growth medium used in the reduction experiments consisted of 1 mM KCl, 5 mM NH 4 Cl, 50 mM Na-lactate, 30 mM NaHCO 3 , with a vitamins and trace elements solution similar to that used by Lovley and Phillips [28] . The pH of the experimental medium was adjusted to 7.0 using small aliquots of 1 M NaOH and/or 1 M HCl. In order to determine the aggregation state of the U60 nanoclusters before the reduction experiments, U60 nanoclusters were added to either ultrapure water or the bacterial growth medium to create U60 suspensions with concentrations ranging from 0 to 700 μM, as determined by fluorometry (see below). The OD 600 values of these prepared U60 suspensions were immediately measured using UV-vis, and the concentrations of U(VI) in the filtrates after filtration through a 0.2 μm PTFE membrane were also measured using fluorometry. U60 suspensions in ultrapure water yield an OD 600 reading of approximately 0 at any of our tested U60 concentrations, but the OD 600 value of the U60 nanoclusters in the bacterial growth medium increases with increasing U60 concentration ( Figure S1A ). Similarly, although all U60 nanoclusters that are suspended in ultrapure water pass through a 0.2 μm PTFE membrane, yielding no significant change in U(VI) concentration between the unfiltered and filtered samples, when U60 nanoclusters that were suspended in bacteria-free growth medium were filtered through the same type of filter, no U(VI) was detected in the filtrate, indicating that U60 nanoclusters in the growth medium aggregate rapidly to form aggregates larger than 0.2 μm.
The above measurements of the extent of U60 aggregation in the bacterial growth medium with ~300 μM of U60 were extended to 72 h, with each experiment conducted in an anaerobic glovebox with modest shaking. At selected sampling times, approximately 2 mL of suspension was removed from the glovebox for measurement of an OD 600 value, and measurement of U(VI) in the filtrate by fluorometry after filtration through a 0.2 μm membrane. During the course of 3 days, the OD 600 of a U60 suspension in the growth medium did not change significantly, and no U(VI) was detected after filtration ( Figure S1B ), indicating that the size of the U60 aggregates remained larger than 0.2 μm in these bacteria-free control experiments after 72 h.
U(VI) reduction experiments
All of the reduction experiments were conducted in an anaerobic glovebox filled with 5 % H 2 /95 % N 2 and equipped with a palladium catalyst to maintain an oxygen concentration below 1 ppm. After 30 min of heating and degassing by bubbling a 5 % H 2 /95 % N 2 mixture through the solution outside the glovebox, the growth medium was transferred into the anaerobic glovebox, and distributed into sterile serum bottles with 50 mL of medium in each bottle. All the serum bottles were then sealed with rubber septa and aluminum crimp caps, and were autoclaved outside the glovebox at 120 °C for 30 min. Prior to the reduction experiments, U(VI) stock solutions were prepared using either uranyl acetate or U60 as U(VI) sources, with 18 MΩ ultrapure water, and the U concentrations of these solutions were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). The U stock solutions were degassed for 30 min using 5 % H 2 /95 % N 2 , filter-sterilized through a 0.2 μm PTFE membrane filter, and finally injected into the sterile and sealed serum bottles in the glovebox.
In order to compare the reduction kinetics of aqueous monomeric U(VI) and U60, a small amount of uranyl acetate or U60 stock solution was injected into serum bottles containing 50 mL growth medium to achieve an initial U(VI) concentration in each case of ~300 μM. The reaction was initiated by injecting an aliquot of parent bacterial suspension to each serum bottle to achieve the desired cell density (OD 600 : ~0.6). Two control experiments were conducted in order to test if reduction of U60 by S. oneidensis is an enzymatic reduction. The first control started with ~300 μM of U60, and no biomass was added to the bottle. The second control started with ~300 μM of U60 and ~0.6 OD 600 of dead cells of S. oneidensis with the cells killed by autoclaving them at 121 °C for 30 min. At selected sampling times, approximately 2 mL of suspension was removed from each bottle for determination of the U(VI) concentration. In order to measure the potential extent of re-oxidation of reduced U, in selected reduction experiments approximately 1 mL of the removed suspension at each sampling time was exposed to the atmosphere with modest shaking for 12 h, and the final U(VI) concentration was determined using fluorometry. The effect of varying the initial cell density on the U(VI) reduction rate was studied by varying the cell density in the experiments using cell concentrations with OD 600 values of 0.6, 1.0 or 1.5, and 300 μM of U60 nanoclusters in each. The effect of varying the U60 concentration was studied using a cell density of 0.6 OD 600 and U60 concentrations of 300, 500 or 1000 μM.
In order to probe the aggregation state of U60 nanoclusters during reduction and its effect on U60 reduction by S. oneidensis, a range of different filtrations were conducted on otherwise identical experimental systems. In each of these tests, a cell density of 0.6 OD 600 and a U60 concentration of 500 μM was used, and at selected sampling times, approximately 3 mL of suspension was removed from each bottle, and then either was analyzed for U(VI) concentration without filtration, was filtered using a 0.2 μm PTFE membrane to remove U60 aggregates, or was filtered using a 10 kDa molecular weight sieve to remove isolated U60 nanoclusters and U60 nanocluster aggregates as only monomeric U(VI) species can pass through these filters [23] . Before reduction was initiated in each experiment, filtration through a 0.2 μm membrane removed virtually all U in the solution, indicating extensive formation of U60 aggregates greater than 0.2 μm. In order to test whether breakdown or dissolution of the U60 aggregates occurs when reduction does not proceed, a control experiment was conducted open to the atmosphere by shaking a suspension with ~300 μM of U60 and S. oneidensis cells at an OD 600 value of 1.0 in the bacterial growth medium for 48 h. At selected sampling times, two 2 mL samples of suspension were removed from the bottle. One of these samples was analyzed for U(VI) concentration using fluorometry without any filtration; the other was filtered using a 0.2 μm PTFE membrane prior to the U(VI) concentration analysis. In all the above reduction experiments, duplicate tests were conducted, and the reported results represent the average values of the duplicate experiments.
U60 adsorption experiments
Adsorption experiments were conducted by adding U60 nanoclusters and S. oneidensis cells to 50 mL of 0.1 M NaCl to reach an initial U60 concentration of ~500 μM with varying initial cell densities ranging from OD 600 values of 0-1.0. All of the experimental systems were allowed to react for 24 h with modest shaking open to the atmosphere. At 0 h and 24 h, approximately 1 mL of the suspension was filtered through 0.2 μm PTFE membranes, and the concentration of U(VI) in each filtrate was determined by fluorometry.
Analysis of U(VI) concentrations
A PTI Quantamaster QM-4 fluorometer was used to determine the concentration of U(VI) in suspensions by monitoring the phosphorescence decay of U(VI) at 515 nm as a function of time after excitation at 420 nm [29] , using the following procedure. The first step in the analysis was to acidify 200 μL of each sample with 100 μL of 12.1 M HCl. Each acidified sample was then diluted 150 times with 18 MΩ ultrapure water, followed by mixing with a U(VI) complexing agent (Uraplex ® , Chemcheck Instruments, Inc.) in a ratio of 2:3 to prevent the uranyl ion from quenching. The samples were analyzed immediately after pretreatment. Before analysis of the samples, matrixmatched blanks and standards covering the desired U(VI) concentration range were measured in order to construct a calibration curve, and the determined detection limit of this approach was approximately ~2 ppm. This method is specific for the detection of U(VI) because other valences of U are essentially nonluminescent [29] .
In order to test whether all U(VI) that is present in the U60 nanoclusters becomes available to the Uraplex complexing agent and therefore is detected in the subsequent U(VI) analysis, we compared calibration curves that were constructed from standards made from either U60 nanoclusters or from dissolved uranyl acetate. Total U(VI) concentrations in each type of standard were measured both by ICP-OES and using the fluorometry approach described above. The resulting calibration curves for dissolved uranyl acetate and for the U60 nanoclusters were essentially the same (Figure S2A ), indicating that all of the U(VI) that is present in the U60 nanoclusters is available to the Uraplex complexing agent and is detected during the U(VI) analysis by fluorometry. The availability of the U(VI) from the U60 nanoclusters is likely due to complete breakdown of the nanoclusters during the acidification step of the analysis. Because both U60 and uranyl acetate standards yield identical calibration curves, in all subsequent U(VI) analyses by fluorometry, we used calibration curves constructed using dissolved uranyl acetate standards.
Because it is difficult to separate U60 aggregates from bacterial cells, we tested whether the presence of bacteria affects the fluorometry analysis of U(VI) concentrations in mixures of U60 and bacterial cells. In this test, different amounts of a parent bacterial suspension were added to 400 μM U60 suspensions in ultrapure water to achieve OD 600 bacterial cell densities of 0.29, 0.53 and 0.68, and the U(VI) concentration in each sample was measured using fluorometry both before and after the addition of the bacterial cells. The presence of bacteria does not significantly or consistently affect the concentration of U(VI) as measured by fluorometry ( Figure S2B) , and thus for all subsequent U(VI) analyses for the experimental samples, we did not filter the samples to remove bacteria before acidification. Filtration would remove not only the bacteria, but also any U60 adsorbed onto the bacteria as well as aggregates of U60 larger than 0.2 μm, thereby yielding inaccurate U(VI) analyses.
Results
Comparison of reduction of U60 and uranyl acetate
The reduction kinetics of U60 nanoclusters and an aqueous monomeric uranium species, uranyl acetate, by S. oneidensis, are presented in Figure 1 . Over the course of 72 h, no significant change in the U(VI) concentration of the system was observed in the abiotic controls that contained U60 nanoclusters in growth medium without cells, suggesting that abiotic reduction of U(VI) under the experimental conditions is negligible. Similarly, a control experiment that contained U60 nanoclusters and dead S. oneidensis cells in growth medium for 72 h also did not result in reduction of U(VI). In contrast, the concentration of U(VI) in systems containing U60 nanoclusters in the presence of live S. oneidensis cells continuously decreased over the course of the experiment, with ~60 % of U(VI) left in the system after 72 h. After exposure of these suspensions to the atmosphere, all of the reduced U(VI) was oxidized and recovered ( Figure 1 ). These observations demonstrate that the U(VI) in U60 nanoclusters is susceptible to enzymatic reduction by S. oneidensis under the studied conditions. However, the reduction kinetics of U(VI) in U60 nanoclusters is significantly slower than that of U(VI) in the uranyl acetate experiment. For example, after 24 h ~80 % of the U(VI) was reduced in the uranyl acetate experiment, but only ~20 % of the U(VI) in the U60 experiment was reduced by S. oneidensis over the same time. Extending the reaction to 72 h slightly increased the extent of U60 reduction to ~40 %, suggesting that at least some of the U(VI) in the U60 nanoclusters was not available for bioreduction by S. oneidensis over this time period.
Effect of cell density on U60 reduction
Increasing the initial cell density significantly enhances the rate and extent of U60 reduction by S. oneidensis ( Figure 2 ). In the experiment starting with a cell density of 0.6 OD 600 and an initial concentration of U(VI) of 300 μM in suspension as U60, we observed that only ~29 % of the U(VI) was reduced after 120 h. In addition, most of the U(VI) reduction occurred within 48 h, and extending the reaction time from 48 h to 120 h only slightly enhanced the extent of reduction. In contrast, in experiments starting with OD 600 S. oneidensis values of 1.0 and 1.5, rapid and continuous reduction was observed. After 120 h, almost all of the U(VI) in the U60 was reduced in the 1.5 OD 600 experiment.
Effect of U60 concentration on U60 reduction
The concentration of U60 in the experimental system affects the reduction kinetics of U60 by S. oneidensis ( Figure 3 ). In experiments with low initial U60 concentrations (300 μM and 500 μM), the reduction behavior displays a similar two-stage feature: a fast reduction within the first 48 h, followed by a plateau stage where very little further U(VI) was reduced. Although two-stage reduction kinetics were also observed in experiments starting with 1000 μM of U60, a plateau in reduction extent was not reached, and the extent of reduction kept increasing from 48 to 120 h. After 120 h, the reduced U(VI) was 82.3, 179.5 and 431.3 μM in experiments with initial U60 concentrations of 300, 500 and 1000 μM, respectively.
Size analysis of U60 suspensions
Our filtration tests document a dramatic decrease in average U(VI) particle size that accompanies the reduction of U60 in the bioreduction experiments (Figure 4) . At the start of the experiments, virtually all of the U(VI) was present in the >0.2 μm size fraction, as filtration through a 0.2 μm filter removed nearly 100 % of the U(VI) from the samples due to U60 aggregation. However, in subsequent samples, both monomeric U(VI) (determined from the 10 kDa filtration test) and the U(VI) < 0.2 μm increased rapidly as U(VI) reduction proceeded. After 5 h of reaction, all of the remaining U(VI) passed through a 0.2 μm filter, implying that complete breakdown of the original U60 aggregates occurred. However, a significant difference between the concentration of total U(VI) and the concentration of monomeric U(VI) was observed, with ~25 % of the remaining U(VI) in the system present as either isolated U60 nanoclusters or as U60 aggregates. From 5 h to 96 h, while aqueous monomeric U(VI) concentrations continued to decrease, the concentration of U(VI) present as nanoclusters did not change markedly with time. These results suggest that most of the U(VI) that was reduced during this time period was from the aqueous monomeric U(VI) pool, and that the U(VI) that remained in the U60 nanoclusters was likely not bioavailable.
Adsorption of U60 onto Shewanella oneidensis
Although both the bacterial cells and the U60 nanoclusters are negatively charged, our results provide evidence that U60 nanoclusters can adsorb onto S. oneidensis cells in 0.1 M NaCl. As shown in Figure 5 , without bacterial cells present (data points at OD 600 = 0), ~84 % of the U60 in 0.1 M NaCl passed through a 0.2 μm filter, and this percentage decreased slightly to ~71 % after 24 h. These results indicate that some aggregation of the U60 nanoclusters occurs in the NaCl solution, but most nanoclusters remain isolated or present only as small (<0.2 μm) aggregates. In contrast, although the presence of S. oneidensis did not change the measured U(VI) concentrations in the filtrate when we filter the suspensions immediately after adding bacterial cells (the 0 h symbols in Figure 5 ), the concentration of U60 that passed through a 0.2 μm filter significantly decreased after 24 h of reaction. In addition, higher biomass concentrations in the system resulted in lower concentrations of U60 that passed through a 0.2 μm filter. As the experiments were conducted open to the atmosphere and an electron donor was not present in the system, microbial reduction could not occur, and thus the decrease in U60 concentration in the filtrate can be attributed to U60 adsorption onto bacterial cells. In the presence of a suspension of S. oneidensis with an OD 600 value of 1.0, only ~20 % of the total U60 was detected in the filtrate after 24 h of reaction, suggesting that approximately 50 % of U60 adsorbed onto the bacterial cells (assuming that approximately 30 % were present as aggregates larger than 0.2 μm, as shown in the 24 h cell-free controls).
Discussion
In ultrapure water, U60 nanoclusters are highly negatively charged, and are largely present as isolated nanoclusters with a diameter of approximately 2.4 nm [26, 30] . Isolated U60 nanoclusters are meta-stable in ultrapure water for at least several months without structural breakdown [24] . Although self-assembly of isolated U60 nanoclusters into aggregates of U60 nanoclusters in ultrapure water may occur, this process is usually slow. For example, Soltis et al. [30] using cryo-TEM observed that U60 nanoclusters that were aged in ultrapure water for 7 months aggregated only slightly, and formed aggregates with an average size of 17.7 ± 10.4 nm. However, the cations in our bacterial growth medium, such as K + and Na + , can accumulate on nanocluster surfaces, thereby reducing the electrostatic repulsion between nanoclusters. As a result, aggregates of the U60 with a size of at least 0.2 μm were observed immediately after adding the nanocluster parent suspension to the growth medium, as depicted in Figure 6a . Similarly, Soltis et al. [30] reported that U60 aggregates larger than 100 nm in diameter formed within 30 min after adding ~0.1 μM of Na + or K + to U60 solutions in ultrapure water. These results suggest that uranyl peroxide nanoclusters likely would be present as aggregates rather than as isolated nanoclusters if they form in natural systems since most surface or groundwaters contain abundant dissolved cations including Na + and K + . U60 aggregates were stable in the growth medium in our abiotic control experiments over the course of 72 h without significant dissolution or disaggregation ( Figure S1B ). Therefore, instead of isolated U60 nanoclusters, large U60 aggregates represent the major U(VI)-bearing species in suspension before reduction was initiated under our experimental conditions. Two possible mechanisms could be involved in the reduction by S. oneidensis of the U(VI) atoms that are introduced to our experimental systems within U60 nanoclusters: 1) a process similar to that responsible for bacterial reduction of solid-phase U(VI) wherein a first step of dissolution of U60 nanoclusters into aqueous monomeric U(VI) species occurs, followed by enzymatic bacterial reduction of the aqueous monomeric U(VI); or 2) a process similar to that responsible for bacterial reduction of aqueous-phase U(VI) wherein the U60 nanoclusters remain intact and direct reduction of U(VI) on the U60 aggregates occurs due to contact between the aggregates and the electron transport chain located within the bacterial cell walls.
The moderate reduction kinetics of U60 observed in this study does not support the dominance of the first mechanism. In general, the microbial reduction of dissolved monomeric U(VI) by pure cultures is rapid and is complete within several hours [4, 31] . Conversely, the reduction of solid phase U(VI) may occur over several weeks, and the reduction kinetics are strongly dependent on the dissolution and release rates of U(VI) from the solid phase [20] . While the reduction rate of U60 nanoclusters is significantly slower than that of uranyl acetate (Figure 1) , a representative form of dissolved monomeric U(VI) widely used in previous studies, the reduction rate is still much faster than the reported reduction rate of solid phase U(VI). For example, Liu et al. [20] reported that the half-life of a solid phase U(VI), sodium boltwoodite, during the reduction by S. oneidensis MR-1 ranged from 5 to 10 days. In our study, using the same bacterial species, it took 2-3 days for the system to reduce half of the initial U60 (Figure 2) . These results indicate that the reduction mechanism for U60 probably differs from both that of monomeric U(VI) and solid phase U(VI).
Furthermore, if the reduction mechanism for solid phase U(VI) dominated the reduction of U60 in this study, we would expect that dissolution of U60 nanoclusters by S. oneidensis would occur no matter whether reduction is initiated or not. Because reduction does not occur in the presence of oxygen, we conducted an oxic control experiment using otherwise identical conditions to those of the U60 reduction experiments in order to test whether U60 dissolution into aqueous monomeric U(VI) species occurs to a significant extent under the experimental conditions. This control experiment showed that filtration through a 0.2 μm membrane removed virtually all of the U(VI) present in the samples, indicating that no dissolution or disaggregation of the U60 nanoclusters occurred in the presence of S. oneidensis even after 48 h when reduction was not initiated ( Figure S3 ). These results suggest that neither S. oneidensis nor other abiotic components in our reduction experiments caused the dissolution of U60 aggregates before reduction occurred, and direct reduction of some U(VI) within the U60 aggregates by S. oneidensis must have occurred at least in the early stages of the reduction experiment. This conclusion is supported by our adsorption results ( Figure 5 ), which suggest that U60 nanocluster adsorption onto S. oneidensis cells is possible, and thus direct contact between the nanoclusters and the electron transport chain located within the bacterial cell walls can occur, as depicted in Figure 6b . As shown in Figures 2 and  3 , increasing the concentration of either the bacterial cells or the U60 nanoclusters in the experiments enhanced the initial 24 h reduction kinetics, likely due to the enhanced concentration of U60 that was adsorbed onto, and hence bioavailable to, S. oneidensis under these conditions.
After some U(VI) in the U60 aggregates was reduced in our reduction experiments, breakdown and dissolution of the U60 aggregates occurred, as depicted in Figure 6c . The concentration of aqueous monomeric U(VI) dramatically increased within the first few hours of the experiments, and these species soon became the major reservoir of U(VI) in the system. The continuous decrease in aqueous monomeric U(VI) concentration from 5 h to 96 h in Figure 4 suggests that the reduction during this period mainly involved monomeric U(VI), as depicted in Figure 6d . Over this time period, the concentration of U60 nanoclusters, represented by the difference between the 'total U(VI)' values and the 'monomeric U(VI)' values in Figure 4 , remained nearly constant, suggesting that the remaining U60 nanoclusters in suspension were not bioavailable for reduction and did not undergo further degradation, dissolution, or reduction. As shown in Figure 4 , a considerable concentration of dissolved monomeric U(VI) was still detected in solution and was not reduced after 96 h, implying that the bioavailability of the dissolved monomeric U(VI) that originated from the U60 nanoclusters was less than that of aqueous uranyl acetate. However, more than 90 % of the U(VI) in the U60 nanoclusters was reduced after 120 h of reaction in the presence of a cell suspension with an initial OD 600 value of 1.5 ( Figure 2 ), suggesting that a higher initial cell density can strongly enhance the bioavailability of the various U(VI) species that were produced during U60 reduction.
Our results show that although direct reduction of some of the U(VI) within U60 nanoclusters is possible, direct contact between the nanoclusters and the bacteria does not lead to complete reduction of the U(VI) within the nanoclusters under most of the experimental conditions. Furthermore, our results indicate that enzymatic reduction of a portion of the U(VI) within the U60 nanoclusters causes a breakdown of the U60 aggregates and a partial dissolution of the U60 nanoclusters to form aqueous monomeric U(VI) species that are small enough to pass through the 10 kDa molecular weight filter. Our findings demonstrate that the reduction of U60 nanoclusters by S. oneidensis is initiated by direct electron transfer to the U60 nanoclusters made possible due to adsorption of the nanoclusters onto the bacterial cells, similar to the reduction mechanism for aqueous uranyl species. However, the dominant reduction mechanism quickly changes to one that involves an indirect process of electron transfer from the bacterial cells to the breakdown or dissolution products from the U60 nanoclusters. It is likely that this dual nature of U60 reduction causes the relatively slow overall U(VI) reduction kinetics observed here.
Conclusions
In this study, we demonstrate that a representative uranyl peroxide nanocluster, U60, can be reduced by Shewanella oneidensis MR-1 under anoxic conditions, and that the produced U(IV) is fully re-oxidized after exposure to air. The reduction kinetics of U60 is significantly slower than that of aqueous uranyl acetate, and higher initial cell densities or U60 concentrations result in faster reduction kinetics. Upon contact with the growth medium, U60 nanoclusters form aggregates with a size of at least 0.2 μm, and these aggregates are the primary reservoir of U(VI) at the beginning of the experiments. The initial reduction of U60 by S. oneidensis in the experiments involves direct reduction of a portion of the U(VI) that is present within U60 nanocluster aggregates via adsorption, and this initial reduction is followed by, and likely causes, the breakdown of the U60 aggregates and the conversion of some of the U60 nanoclusters to aqueous monomeric U(VI) species that are small enough to pass through the 10 kDa molecular weight filter used here. After the initial period of direct U60 reduction, most of the reduction involves the newly produced aqueous monomeric U(VI) species. Under most of the experimental conditions, measureable concentrations of U60 and dissolved U(VI) were still present in solution after several days of reaction. Our results suggest that the reduction of U60 nanoclusters is different from either aqueous monomeric U(VI) or solid-phase U(VI), and that complex processes such as nanocluster adsorption onto the reducing bacterial cells, nanocluster aggregation behavior, and the breakdown of the nanoclusters to monomeric aqueous U(VI) species all are involved in the overall U60 reduction reactions. This study is first to show the reduction capacity of bacteria for uranium peroxide nanoclusters, and the results improve our understanding and ability to predict the long term fate of uranium in the environment.
